Salvia lavandulifolia (Spanish sage, Lamiaceae) is widely cultivated in the Mediterranean region and used for the flavor and food industry, perfumery and medicinal purposes. The essential oil, which is responsible for the specific flavor, is produced and stored in specialized epidermal oil glands. In S. lavandulifolia peltate essential oil glands occur on all aerial parts of the plant. The content of single oil glands from different positions on the plant (leaf, calyx, corolla and anther) were directly sampled using a solid-phase micro-extraction (SPME) fiber and analyzed by GC/FID and GC/MS in order to study the variability of the essential oil composition. It was found that the composition of terpenoids is quite variable within a plant. The leaves and calyces are characterized by the main compounds, 1,8-cineole, camphor and β-pinene, and by the sesquiterpenes α-humulene and β-caryophyllene. The corolla shows the highest proportion of borneol, but a low concentration of camphor. In the essential oil of the anthers the percentages of limonene, β-pinene and the diterpene manool are by far higher than in all other plant parts, whereas the proportions of camphor and the sesquiterpenes are considerably lower.
Salvia lavandulifolia Vahl (Spanish sage, Lamiaceae) is an endemic species of Spain and Southern France [1] and widely cultivated in the Mediterranean region. Spanish sage is mainly cultivated for essential oil production and used for the flavor and food industry, perfumery and medicinal purposes. The essential oil is characterized by α-pinene (5-20%), β-pinene (2-27%), sabinene (8-19%) , myrcene (<1-16%), limonene (2-12%), 1,8-cineole (6-59%), camphor (1-36%) and several sesquiterpenes, with minor proportions of up to 5%, respectively [2] .
The ecological functions of plant volatiles are multifaceted. They attract pollinators or protect against herbivores [3] , other plants [4] or pathogens [5] . Several essential oil compounds, as the main compounds of S. lavandulifolia, are frequent in floral scents and widely distributed in the plant kingdom [6] .
In the plant, the essential oil components are produced in specialized secretory cells of epidermal oil glands [7, 8] and after their synthesis transported and stored in subcuticular oil storage cavities [9] .
A recently developed non-equilibrium, solid-phase micro extraction (SPME) method enables the study of the essential oil composition of single oil glands [10] . The content of the subcuticular cavity is directly sampled with an SPME fiber and injected into a gas chromatograph. Using this method, several studies on different species of Lamiaceae have been performed. Investigations on peltate oil glands of Salvia officinalis cv. 'Berggarten' [10] and Satureja hortensis [11] showed only quantitative variation of essential oil compounds. In Salvia sclarea [12] and Origanum vulgare ssp. hirtum [13] , however, chemical polymorphism was observed between individual oil glands.
The main focus of this work is to demonstrate the chemical variability of peltate oil glands of Salvia lavandulifolia on different plant organs, namely old and young leaves, calyx, corolla and anthers.
Spanish sage shows two morphological types of essential oil producing trichomes, both common in the mint family. The very small capitate glandular hairs consist of one basal cell, one or two stalk cells and one secretory head cell which produce the minor proportion of essential oil compounds. The peltate oil glands consist of one basal cell, one short stalk cell and a multicellular head of secretory cells, composed of 4 central and 8-12 peripheral cells ( Figure 1 ; [12, 14] ). They produce and store the bigger part of the essential oil and are distributed on all surfaces of the aerial parts of the plant.
In total, 60 essential oil compounds were detected, including 27 monoterpenes, 16 sesquiterpenes, one diterpene and 16 unidentified compounds. The main compounds of Salvia lavandulifolia are the monoterpenes limonene, 1,8-cineole and camphor, the sesquiterpenes β-caryophyllene and α-humulene, and the diterpene manool.
The SPME analyses show that the variability of the essential oil composition between single oil glands of different plant organs is much higher than the variability within one organ ( Table 1 ). The analyses of the solvent extracts show in general similar oil compositions as the SPME analyses of the corresponding organs (data not shown), as was also found for Salvia sclarea [12] .
The leaves are characterized by the monoterpenes 1,8-cineole (18.1 and 17.6% for young and old leaves, respectively), camphor (18.5 and 12.8%), limonene (8.7 and 6.7%) and β-pinene (5.0 and 4.8%) and the sesquiterpenes α-humulene (5.4 and 9.0%), β-caryophyllene (2.3 and 2.9%) and δ-cadinene (1.5 and 2.7%).
The composition of essential oil compounds of the calyx resembles that of the young leaves ( Figure 2a ) and is also characterized by camphor (15.3%), 1,8-cineole (15.1%) and β-pinene (14.0%), but shows the highest detected values for camphene (5.4%), α-pinene (4.2%), γ-terpinene (3.6%), bornyl acetate (2.0%) and α-thujone (1.5%) ( Figure 2b ). The corolla shows the highest proportion of borneol (13.0%), but a low concentration of camphor (3.3%).
The sesquiterpenes, β-caryophyllene (3.4%) and bicyclogermacrene (3.5%), also reach their maxima in the corolla.
The essential oil of the anthers is in fact irrelevant for commerce, but of particular phytochemical interest, due to its possible function for pollination. The percentages of limonene (35.3%), β-pinene (16.3%) and the diterpene manool (8.7%) are by far higher than in all other plant parts, whereas the proportions of camphor (0.5%), bornyl acetate (0.05%), bornane-2,5-dione (0.06%) and all sesquiterpenes (in total 1.8%) are considerably lower.
The functions of terpenes are in general diverse. The variability of the essential oil composition within a plant is probably based on the ecological functions of the compounds. As listed by Knudsen et al. [6] the monoterpenes 1,8-cineole, limonene, myrcene, cis-and trans-β-ocimene and α-and β-pinene are known as frequent compounds in floral scents and are widely distributed in the plant kingdom. The sesquiterpenes, for example, β-caryophyllene [6] are also present in floral scents and exhibit, on the other hand, insecticidal and insect growth-inhibiting properties [15] . 68.6 ± 9.5 78.0 ± 1.9 71.2 ± 5.8 58.1 ± 11.7 Sesquiterpenes 1.8 ± 0.8 18.7 ± 5.6 12.2 ± 1.2 17.9 ± 4.3 28.7 ± 6.9 Diterpenes 8.7 ± 1.9 4.9 ± 1.9 3.1 ± 0.8 1.5 ± 0.4 2.7 ± 1.9 unidentified compounds 7.0 ± 1.2 7.8 ± 2.5 6.6 ± 1.5 9.4 ± 1.9 10.5 ± 3.7
tr. = traces, <0.1%.
Similar chemical variation of essential oil glands occurred also in Satureja hortensis [11] . With all the compounds, a change in the composition from the corolla to the calyx and the leaves was observed, but not within leaves of different age or longitudinal leaf sectors. Johnson et al. [13] found two different 'chemotypes' in peltate oil glands of Origanum vulgare ssp. hirtum leaves. The majority of the sampled glands yielded carvacrol as the main compound, but no detectable amounts of its isomer thymol, whilst nearly 20% of the glands produced large quantities of thymol (up to 70%). In Salvia sclarea, a particularly high variability of oil composition can be found [12] . Large capitate oil glands produce mainly linalool, linalyl acetate and sclareol, whereas peltate oil glands accumulate, additionally, noticeable concentrations of sesquiterpenes and an unknown compound. Furthermore, the oil composition within one gland type and plant organ is highly variable. Solid-phase micro-extraction: Exclusively fresh material was used for chemical analysis. Single oil gland analysis was performed using a direct, liquid, non-equilibrium SPME method [10] . A set of 42 peltate oil glands was sampled (anthers: 6, corolla: 9, calyx: 9, young leaves: 9, old leaves: 9), but only undamaged, fully developed glands of the same developmental stage were used (recently opened flowers and the first and fifth leaf under the inflorescence, respectively). Flowers and leaves were sampled from three shoots, each with 2-3 glands per plant organ, respectively. Each oil gland was directly ruptured under a stereo microscope (SZ-60, Olympus, Vienna, Austria) with a fused silica fiber (100 µm) coated with polydimethylsiloxane (PDMS, Supelco, Bellefonte, PA, USA). The fiber was passed immediately into the GC. To avoid introduction of spurious compounds by the fiber, it was heated to 250°C for 10 minutes and cooled down before every sample series. After every 10 analyses, a GC run was made with the fiber without sampling to assure complete desorption.
Gas chromatography and identification:
The analyses were performed on an Agilent 6890 GC-FID fitted with a DB-5 narrow bore column (10 m x 0.1 mm i.d.; 0.1 µm film thickness; Agilent, Palo Alto, CA, USA). The analytical conditions were: helium as carrier gas (average velocity 45 cm/s); injector temperature 250°C; split ratio 100:1 (extracts) and 5:1 (SPME); temperature program 60°C (held for 30 s) to 85°C with 8°C/min, 85-125°C with 14°C/min, 125-280°C with 20°C/min and held at 280°C for 2 min. Retention indices (RI) of the sample components were determined on the basis of homologous nalkane hydrocarbons (retention index standard for gas chromatography, Sigma, Vienna, Austria) under the same conditions. The composition was obtained by peak area normalization, and the response factor for each component was considered to equal 1. The compounds were identified by comparing their retention indices [16] and the mass spectra with published data [17] .
Statistical analyses: Principal component analyses were calculated using SPSS 14.0.
